Infectious bovine rhinotracheitis virus replicated in cultured bovine alveolar macrophages (AM). However, yields of infectious virus were low, with maximum titers approximately 100 times that of the residual inoculum. Immunofluorescence and electron microscopic studies indicated that the majority of macrophages produced viral antigen, but after infection at a multiplicity of 0.1, only 4.1% of AM produced infectious centers. Virus-infected AM culture supernatants possessed interfering activity, probably due to interferon. Incubation of fresh AM with these fluids rendered them refractory to infection. Although AM from infectious bovine rhinotracheitis virus-immune and -susceptible donors were equally permissive and their susceptibility was unaltered by incubation with bacterial lipopolysaccharide, bovine mammary macrophages which were elicited with lipopolysaccharide became nonpermissive when further incubated for 48 h with 1 ,ug of lipopolysaccharide per ml. Under these conditions, infected mammary macrophages failed to synthesize viral DNA, and there was reduced synthesis of "late" viral polypeptides.
Macrophages are an important component of host defense against viral infection due to the roles they play in phagocytosis and killing of viruses, production of interferon, and destruction of virus-infected cells, as well as in the development of immune responses. Although many viruses cannot replicate in macrophages (25) , others will infect macrophages and initiate virus replicative activity. This may be manifested by the synthesis of viral proteins and nucleic acid (36) , elaboration of viral antigen (5, 26) , production of intracellular viral capsids (29, 35) , or release of infectious virus to the extracellular environment (6, 20, 28, 37) . Viral infection may result in death of the macrophage or, alternatively, may lead to a persistent infection (20, 21, 38, 39) and pathology resulting from various degrees of immunosuppression.
Macrophage permissiveness can be dependent on the age (15, 22) or the immune status (2) of the host and.on the anatomical site from which the macrophages were derived (30) . Unfortunately, no generalization can be made for a specific family of viruses. For example, both human and mouse alveolar macrophages become restrictive with age of the host for herpes t Journal article no. 15 simplex virus infection while remaining permissive for replication of cytomegalovirus (9, 37) . In the case of infectious bovine rhinotracheitis (IBR) virus infection in athymic nude mice, the virus establishes a persistent infection with subsequent transformation of the macrophages (10). In cattle, IBR virus causes disease most commonly in the respiratory tract but also in other organs (16) . Extensive virus replication occurs, and, as with most herpesvirus infections, cellmediated immunity is of major importance in recovery (8, 31, 32) . The exact role of the macrophage in IBR virus infection and recovery is unknown. However, the virus has been implicated as a predisposing factor in the development of bacterial pneumonia in cattle (7, 14) , and it is likely that this is mediated through an inhibition of alveolar macrophage (AM) function.
In view of this, we have initiated studies to determine whether IBR virus can infect bovine AM and, if so, what effect this has on AM function. This work was designed to determine the susceptibility of bovine AM to infection with IBR virus and factors which may influence the outcome.
MATERIALS AND METHODS
Calves. Holstein calves were obtained at birth and artificially reared in isolation. They were used between the ages of 4 and 12 months. IBR-immune calves had been challenged by intranasal instillation of IBR virus (Colorado-1 strain; ATCC VR-864) at least 3 months before use as a source of macrophages. They developed typical clinical signs of disease and showed a serological response. IBR-susceptible calves were periodically monitored serologically to ensure that their status remained IBR negative.
Collection of macrophages and maintenance in culture. AM were collected by the procedure of Wilkie and Markham (42) . Calves were sedated with xylazine (Rompun; Cutter Laboratories, Mississauga, Ont., Canada; 100 to 140 mg intravenously) and placed in left lateral recumbency. A fiber optic endoscope was passed via the trachea into the right diaphragmatic lobe. Lung lavage fluid contained 0.15 M saline, 5 mM glucose, 2 mM EDTA, 25 mM HEPES (N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid) buffer, 50
,ug of gentamicin and per ml, 5 ,ug of amphotericin B per ml, pH 7.2 (41). An initial wash was made by passing 50 ml offluid into the lung, of which about half was retrieved under mild vacuum and discarded. The second wash involved injecting a further 250 ml into the lung which was retrieved as above, and the bronchoalveolar cells present in the fluid were used for preparation of AM cultures.
The lavaged cells were filtered through four layers of sterile gauze to remove particulate matter and mucus, centrifuged at 1,000 x g for 10 min, washed once with Eagle minimal essential medium (MEM), and suspended in MEM with 5% fetal bovine serum (FBS). The cells were then inoculated into tissue culture plates. They were incubated for 3 h at 37°C in a 5% C02-humidified atmosphere, washed twice with MEM to remove nonadherent cells, and reincubated for 18 to 24 h in MEM with 20% FBS.
Mammary macrophages (MM) were collected 96 h after the inoculation of a nonlactating mammary gland with 5 ml of Escherichia coli lipopolysaccharide (LPS; 0128, B12; Difco Laboratories, Detroit, Mich.) at a concentration of 1 ,ug/ml. A 10-ml amount of MEM was then injected into the gland, and the fluid, containing cells from the lactiferous sinus, was expressed from the teat (40) .
The cells were layered onto 3 ml of Ficoll-Hypaque (density at 25°C, 1 by assaying the ability of culture fluids from virusinfected macrophages to inhibit vesicular stomatitis virus replication in MDBK cells as described previously (3). Briefly, culture fluids from virus-infected macrophages were incubated for 1 h with anti-IBR serum to neutralize any IBR virus present. Twofold dilutions of the culture fluids were made in MEM plus 5% FBS and incubated with confluent MDBK cells for 24 h. The culture fluids were removed, and cultures were infected with 100 PFU of vesicular stomatitis virus and overlaid with 1% methylcellulose. After 24 h the methylcellulose overlay was removed, cells were fixed and stained, and the interferon titer was determined as the dilution that resulted in a 50% reduction in the number of plaques compared with the controls. Reproducibility was checked by including a laboratory standard of bovine interferon prepared in our laboratory.
Electron microscopy. AM and MDBK cells were examined by electron microscopy 24 h after infection with IBR virus at an input multiplicity of 10. Cells which had become nonadherent were centrifuged at 400 x g for 5 min, the supernatant was removed, and the cells were suspended in 250 ,ul of 0.5 M glutaraldehyde in 0.06 M sodium cacodylate buffer, pH 7.4, delivered rapidly through a 26-gauge needle. They were immediately pelleted again in a soft plastic microcentrifuge tube, the blind end of the tube was cut off, and the pellet was gently washed into glutaraldehydecacodylate fixative. After 12 h the pellet was transferred to 0. Samples were electrophoresed in the presence of sodium dodecyl sulfate through 7.5 or 10% polyacrylamide gels as described by Laemmli (17) , using a 15-cm vertical electrophoresis apparatus (Richter Scientific, Vancouver, B.C., Canada). Gels were dried and autoradiographed on Kodak X-OMAT-R film. Molecular weights of radioactive bands were determined by comparing their Rf values with those of markers with known molecular weights (high-and low-molecularweight calibration kits; Pharmacia) electrophoresed on the same gel structure.
Detection of viral nucleic acid synthesis. Bovine kidney cells or bovine macrophages that had been incubated in vitro for 48 h in the presence or absence of LPS were infected at an input multiplicity of 10 with (Fig. lb) .
Analysis of the supernatant fluids indicated that infection of AM was not abortive, since by 24 h p.i. there was a 100-fold increase in the amount of virus present in AM culture fluids (Fig. 2) . As was the case with the immunofluorescence studies, maximum virus yields in AM were achieved at a slower rate than in MDBK cells (Fig. 2) . Even though macrophages could replicate IBR virus, the actual yield on a per-cell basis was much lower than in MDBK cells. Thus, MDBK cells released in excess of 100 PFU per cell, whereas AM release was <1 PFU per cell.
(ii) Electron microscopy. Since AM did express IBR antigens as determined by immunofluorescence but only produced very small quantities of infectious virus, attempts were made to determine whether the infection was abortive in a high percentage of cells, possibly by virtue of the inability of virus to assemble into complete virions within macrophages. Examination of infected AM by electron microscopy clearly indicated that virus assembly was occurring and what appeared to be complete virions were budding from the nuclear membrane (Fig. 3a) , as well as being released into the extracellular spaces ( Fig. 3b and c) . Furthermore, much in (Fig. 4) ; however, this difference was not great enough to account for a 3-log difference in titer between MDBK cells and macrophages.
(iii) Infectious centers. Even though we had evidence that most AM did replicate the virus, we could not explain the extremely low yields of virus. Furthermore, if cultures were infected at low multiplicities of infection, the virus did not spread to destroy the entire monolayer (Fig. 5) . Thus, the virus produced foci within 48 h p.i., but these foci did not progress to kill the entire monolayer nor were new foci initiated even though no antibody was added. This suggested that most of the spread was initially from cell to cell but that even this mode of spread was halted within 48 h in culture.
In an attempt to see whether the infected macrophages within the foci could produce infectious centers, we plated them on susceptible MDBK cells. increase even at 96 h p.i. These results supported previous studies which indicated that the number of permissively infected cells was limited since foci did not increase in size.
Interference with spread of infection in AM cultures. The reason for limited spread of infection through the macrophage monolayer was not due to a lack of IBR virus in the culture medium. Monolayers were infected at an input multiplicity of 0.1, and supernatant fluid and cells were sampled separately at 24, 48, and 96 h p.i. The virus infectivity was distributed almost equally between cells and supernatant fluids at the three sampling times. At present, the only explanation we have for the refractory nature of the cultured AM is that viral infection stimulates the production of high levels of interferon (Table 2) . Support for the implication of interferon in limiting IBR virus infection in AM was obtained from experiments in which uninfected AM cultures were incubated for 18 h with culture fluids harvested from macrophages 96 h p.i. and centrifuged at 100,000 x g for 3 h to remove IBR virus. Inoculation of treated monolayers with IBR virus at an input multiplicity of 1.0 resulted in very little detectable viral immunofluorescence at 24 h compared with untreated AM, which showed fluorescence in approximately 70% of cells. After 48 h there was almost no infectious virus production (an approximately twofold increase above the level of the residual inoculum) in treated AM, compared with a >100-fold increase in untreated, control monolayers.
Although the nature of the interference was not positively identified as interferon activity, the activity was only reduced by 50% on incubation at 56°C for 1 h and was not removed by centrifugation at 100,000 x g for 3 h.
Virus replication in immune and nonimmune AM. AM from immune and nonimmune donors infected with IBR virus at an input multiplicity of 0.1 supported virus replication to similar extents (Fig. 6) . Comparison of viral protein synthesis in AM and MDBK cells demonstrated that all previously reported IBR structural and nonstructural polypeptides (23) were detected in AM from both immune and nonimmune animals, although in reduced amounts when compared with MDBK cells (Fig. 7) . The polypeptides of VP8 and VP13 have been defined as "late" polypeptides and are only synthesized in appreciable amounts in cells that are synthesizing viral DNA. These polypeptides were synthesized in AM. In addition to all of the polypeptides synthesized in MDBK cells, AM-infected cultures contained an additional 45,000-dalton protein.
Viral DNA synthesis was examined by label- (Fig. 7) in AM. However, it did reduce the quantity of late polypeptides VP8 and VP13 (Fig. 7, line 10 ) in LPS-treated MM. This implied that viral DNA synthesis was suggests a mechanism for the implication of IBR virus in bovine respiratory disease. Cattle succumbing to pneumonic pasteurellosis often have evidence of concurrent viral infection, including IBR virus (19) , and IBR virus infection renders cattle susceptible to subsequent experimental challenge with Pasteurella haemolytica (14) . Since it is believed that the AM is the major mechanism for pulmonary bacterial clearance (13) , and if IBR virus infection of AM inhibits macrophage function either directly by infection or indirectly due to immunosuppressive effects, then this could explain its predisposing effect in bovine respiratory disease. It is possible that other sequelae of viral infection, such as reduced mucociliary clearance or altered secretion of bactericidal factors by the bronchotracheal mucosa (27) , may also contribute to increased host susceptibility to P. haemolytica. These possibilities are presently being investigated.
Although AM were susceptible to IBR virus infection, we could not fully explain the relatively low yield of infectious virus in macrophages when compared with MDBK cells. The number of particles assembled in infected macrophages, as seen by electron microscopy, was much in excess of one virus particle per cell. However, the actual yield of infectious virus from AM was <1 PFU per cell ( Fig. 2 and 6 ). Thus, most particles were not capable of initiating replication. Since the particle/infectivity ratio in most herpesvirus infections can approach 100:1 to 1,000:1, it is possible that the ratio in AM was no different than that in MDBK cells. Thus, it is possible that AM, although they replicate the virus, produce a smaller quantity of viral product on a per-cell basis. This is partially supported by the observation that [3H] (1, 3, 29, 34) and macrophages are possibly refractory to their own interferon (12) , the identity of the interfering factor in our AM cultures requires further confirmation. The role of AM in producing interferon in vivo also requires investigation. It may play an important role in defense, not only by preventing virus replication but also by activating other macrophages (4), which can then influence antigen presentation to lymphocytes or directly affect lymphocytes (11, 18) .
AM from immune and nonimmune donors were equally susceptible to IBR virus infection. This finding is similar to that of Brautigam et al. (6) , who found that peritoneal macrophages from susceptible and resistant mice were equally permissive for murine cytomegalovirus. However, contrasting results have been obtained by Bryans (personal communication), who found that equine rhinopneumonitis virus could replicate in peripheral blood monocytes from nonimmune horses only. Hence, even within the herpesvirus family, there appears to be a variation in this respect.
Variation in macrophage susceptibility to viral infection, depending on anatomical site or activation, has also been recorded by a number of workers (6, 24, 30) . Although incubation of AM with bacterial LPS did not alter their susceptibility to IBR virus infection, it rendered MM resistant to infection. Our MM differed from AM in their site of derivation and also by virtue of being elicited by inoculation of LPS into the mammary gland. Whatever the reason, it is of interest that they were resistant, and we are currently investigating the circumstances under which bovine macrophage populations can be rendered refractory to virus infection and the mechanisms involved in activation of various macrophage populations, as well as what effect such activation may have on virus-cell interactions.
